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Introduction {#s0005}
============

The anaphase-promoting complex or cyclosome (APC/C) is a multi-subunit E3 ubiquitin ligase whose primary function is to control cell cycle progression by mediating the destruction of proteins whose activities inhibit specific cell cycle transitions.[@bb0005; @bb0010; @bb0015; @bb0020] The APC/C recognizes most of its substrates through conserved destruction motifs, the most predominant being the D (destruction) box and KEN box;[@bb0025; @bb0030] however, rarer degrons such as the O box also serve as APC/C recognition signals.[@bb0035] Substrate selection is dependent on coactivator subunits (either Cdc20 or Cdh1) that interact with degrons to recruit substrates to APC/C--coactivator complexes.[@bb0040; @bb0045; @bb0050; @bb0055; @bb0060] A core APC/C subunit---Apc10---cooperates with the coactivator subunits to confer high-affinity D box binding,[@bb0065; @bb0070; @bb0075] although coactivators alone interact with the KEN box.[@bb0080]

The APC/C is an unusually large E3 ubiquitin ligase comprising 13 (yeast) and 14 (metazoan) individual proteins in addition to the regulatory coactivator subunits. Since many proteins are present in two copies per complex, the total number of subunits is close to 20 with a combined molecular mass of 1.2 MDa.[@bb0085] APC/C catalytic activity is conferred by the RING domain subunit Apc11 that is tightly associated with the cullin subunit Apc2. Together with the coactivator subunit and Apc10, these four subunits constitute the catalytic and substrate recognition module of the complex. Intriguingly, these subunits account for only 15--20% of the overall APC/C mass. All other subunits provide scaffolding functions to coordinate the organization of the catalytic and substrate recognition subunits and also act to mediate interactions with the mitotic checkpoint complex.[@bb0090]

Many scaffolding subunits are structurally related. The three canonical tetratricopeptide repeat (TPR) subunits (Cdc16/Apc6, Cdc23/Apc8 and Cdc27/Apc3) are homo-dimers based on a simple architecture of multiple contiguous copies of the 34-amino-acid TPR motif.[@bb0095] Metazoan APC/C incorporates an additional TPR subunit, Apc7, a paralog of Cdc23/Apc8, whereas Apc5 is composed of 13 copies of an extended TPR motif (termed eTPR)[@bb0085] recently identified in Rpn6, a subunit of the proteasomal 19S subunit.[@bb0100] Multiple repeat motifs dominate other APC/C subunits such as the 11 proteosome--cyclosome repeats of Apc1[@bb0105] also found in Rpn1 and Rpn2 subunits of the 19S subunit,[@bb0110] the three cullin repeats of Apc2 and the seven WD40 repeats of coactivators.[@bb0080] Whereas the canonical TPR subunits Cdc16, Cdc23 and Cdc27 are essential APC/C components, the function of Apc7 is unclear. Deletion of Apc7 in *Drosophila* caused only mild chromosome defects and anaphase delay.[@bb0115] Cdc23 and Cdc27 engage the coactivator subunits responsible for substrate recognition.[@bb0120; @bb0125; @bb0130; @bb0135] Altering the binding of Cdc20 to Cdc23 and Cdc27 between prometaphase and metaphase modulates APC/C^Cdc20^ specificity for its substrates.[@bb0135] The conserved IR tails of coactivator and Apc10 interact with Cdc27,[@bb0050; @bb0120; @bb0130; @bb0140] whereas the Cdc23-binding site on coactivator is not defined.

Early studies on the canonical *Saccharomyces cerevisiae* TPR subunits Cdc16, Cdc23 and Cdc27 first suggested that these proteins self-associate within a large complex.[@bb0145] More recent crystallographic analyses of *Schizosaccharomyces pombe* Cut9 (Cdc16/Apc6) and the N-terminal region of *Encephalitozoon cuniculi* Cdc27 showed that both these TPR proteins homo-dimerize through a structurally conserved N-terminal dimerization domain comprising seven TPR motifs.[@bb0150; @bb0155] Biochemical data also indicated that purified Cdc23 forms homo-dimers through an N-terminal dimerization domain,[@bb0085] consistent with the intragenic complementation of Cdc23 heteroalleles.[@bb0160] Furthermore, the localization of Cdc23 within the density maps of electron microscopy (EM)-derived structures of both *S. cerevisiae* and human APC/C at 10 and 20 Å resolution, respectively, showed that Cdc23 forms a V-shaped homo-dimer related in structure to those of Cdc16 and Cdc27.[@bb0085; @bb0165] These results suggested that although the N-terminus of Cdc23 shares relatively little sequence similarity with either Cdc16 or Cdc27, all canonical TPR subunits incorporate related N-terminal dimerization domains.

To obtain a molecular model of Cdc23, we have determined the crystal structure of its N-terminal dimerization domain and used this to generate a full-length model of the protein. We show that the homo-dimer contact residues of Cdc23, Cdc16 and Cdc27 are structurally equivalent and we propose that Apc7 will also form a homo-dimeric structure similar to other canonical APC/C TPR proteins. We show that this model of Apc7 is consistent with its strong correspondence to the Apc7-assigned density of the EM structure of human APC/C. Finally, from analysis of the arrangement of the four TPR homo-dimers constituting the TPR lobe of human APC/C, we reveal a novel supra-TPR helical structure generated by the uniform geometric stacking of contiguous TPR homo-dimers.

Results and Discussion {#s0010}
======================

Cdc23 forms a homo-dimer structurally related to Cdc16 and Cdc27 {#s0015}
----------------------------------------------------------------

The N-terminal dimerization domain of *S. pombe* Cdc23 (Cdc23^Nterm^, residues 19--302) was crystallized and its structure was determined by means of single-wavelength anomalous dispersion (SAD) phasing using a SeMet (*se*leno*met*hionine) derivative ([Materials and Methods](#s0035){ref-type="sec"} and Supplementary Table 1). Two Cdc23^Nterm^ molecules homo-dimerize through a 2-fold symmetric homotypic interface ([Fig. 1](#f0010){ref-type="fig"}a). By several criteria, this dimer is likely to be biologically relevant. First, the dimer interface buries an extensive \~ 6000 Å^2^ of accessible surface area. Second, the interface is structurally related to the N-terminal dimerization interface of Cdc27 and Cdc16[@bb0150; @bb0155] ([Fig. 1](#f0010){ref-type="fig"}b). Third, the interface is generated from residues conserved across all orthologs of Cdc23 ([Fig. 2](#f0015){ref-type="fig"}a). Fourth, molecular size analysis of the N-terminal dimerization domain of Cdc23 (residues 1--308) using multiangle light scattering is consistent with a Cdc23 homo-dimer in solution,[@bb0085] and lastly, a model of full-length of Cdc23 docks into the protein density defined for Cdc23 within the molecular envelopes of both *S. cerevisiae* and human APC/C as determined by single-particle EM[@bb0085; @bb0165] with a high degree of correspondence (see below).

*S. pombe* Cdc23^Nterm^ closely resembles a TPR superhelix comprising seven consecutive TPR motifs that generate 14 α-helices organized into an antiparallel arrangement ([Figs. 1](#f0010){ref-type="fig"}a and [2](#f0015){ref-type="fig"}a). TPR motifs 3--7 of *S. cerevisiae* Cdc23^Nterm^ were correctly predicted using the TPRpred server[†](#fn0005){ref-type="fn"}. A DALI search[@bb0170] indicated that *S. pombe* Cdc23^Nterm^ is most closely related in structure to the N-terminal dimerization domain of *S. pombe* Cdc16 \[Cut9; Protein Data Bank (PDB) ID: [2XPI](pdb:2XPI){#ir0075}\] (*Z*-score = 14; rmsd of 3.2 Å for 207 aligned residues)[@bb0150] ([Fig. 1](#f0010){ref-type="fig"}b). Cdc23^Nterm^ forms an intimate homotypic dimer interface ([Fig. 1](#f0010){ref-type="fig"}). In essence, the concave surface of each Cdc23^Nterm^ domain encircles its dimer counterpart in an interlocking clasp-like arrangement. This is achieved as the N-terminal TPR motif 1 (TPR1) of each Cdc23 subunit interacts with residues lining the inner groove TPR α-helices (A-helices) and inter-TPR loops of TPR1--TPR7 of the opposite subunit through two clusters of residues centered on Arg37 (helix 1A of TPR1: cluster 2) and Trp45 (helix 1B of TPR1: cluster 1) ([Fig. 2](#f0015){ref-type="fig"}). Equivalent clusters of conserved, predominantly nonpolar residues constitute the dimer interfaces of Cdc16^Nterm^ and Cdc27^Nterm^.[@bb0150; @bb0155] For example, in cluster 1 of Cdc23^Nterm^, the aromatic side chain of Trp45 of TPR1B (helix B of TPR1) participates in hydrophobic packing interactions with Phe205 and Trp207 of TPR5A of the opposite subunit. In Cdc27^Nterm^, Phe23 of TPR1B (structurally equivalent to Trp45 of Cdc23) interacts with Phe145 and Phe147 (equivalent to Phe205 and Trp207 of Cdc23). In the less well conserved cluster 2, Phe120 (TPR3A) and Tyr174 (TPR4A) of Cdc23^Nterm^ contact the intra-helix turn of TPR1 of the opposite subunit (Arg37), a role played by Tyr66 and Phe115 of Cdc27^Nterm^ ([Fig. 2](#f0015){ref-type="fig"}a).

The C-terminus of Cdc23 is predicted to form seven additional TPR motifs, similar to that observed for Cdc16^Cterm^[@bb0150] (Cdc16^Cterm^ and Cdc23^Cterm^ share 15% sequence identity) and that predicted for Cdc27[@bb0155] and Apc7 (this work; see below) (Supplementary Fig. 1a). Thus, all canonical TPR subunits will adopt TPR superhelical structures incorporating 14 contiguous TPR motifs with a capping C-terminal α-helix. These 14 TPR motifs and C-terminal capping α-helix generate a right-handed TPR superhelix comprising an array of 29 antiparallel α-helices composed of two complete turns of helix with an overall length of 110 Å and a width of 60 Å. Their self-association into homo-dimers generates elongated V-shaped molecules with maximum dimensions of approximately 150 Å ([Fig. 3](#f0020){ref-type="fig"}). Two mutable domains of *S. cerevisiae* Cdc23[@bb0160] map to the N-terminal dimerization domain and C-terminal TPR superhelix, respectively (Supplementary Figs. 1a and 2a). Mutations within the dimerization domain would disrupt Cdc23 function either by disrupting the Cdc23 dimer interface or by destabilizing the packing between adjacent TPR α-helices (Supplementary Fig. 2a). To test our model of the Apc8/Cdc23 homo-dimer, we assessed its structural similarity to the Apc8/Cdc23-assigned density of a human APC/C^Cdh1--Hsl1^ ternary complex determined using negative stain EM and single-particle analysis ([Fig. 4](#f0025){ref-type="fig"}). Our docking was guided by the previous assignment of Cdc23, Cdc16 and Cdc27 into the EM envelope of *S. cerevisiae* APC/C.[@bb0085] [Figures 4](#f0025){ref-type="fig"}b and [5](#f0030){ref-type="fig"} show the docking of the Apc8/Cdc23 atomic model, together with those of Apc6/Cdc16 and Apc3/Cdc27, into their corresponding assigned densities extracted from the three-dimensional structure of a human APC/C^Cdh1--Hsl1^ ternary complex. The high correlation coefficients between docked coordinates and their respective densities in the negative stain EM map indicate a good fit between the TPR homo-dimers and the EM map: 0.79 for Apc8/Cdc23, 0.79 for Apc6/Cdc16 and 0.78 for Apc3/Cdc27.

Apc7 is structurally related to Cdc16, Cdc23 and Cdc27 {#s0020}
------------------------------------------------------

Apc7 is a paralog of Cdc27 unique to metazoan APC/C, likely to incorporate 14 TPR motifs and adopt a homo-dimeric architecture. TPR motif 4 and motifs 6--14 equivalent to Cdc16, Cdc23 and Cdc27 are clearly identifiable through multiple sequence analysis and TPRpred predictions (Supplementary Fig. 1a). Furthermore, threading the human Apc7 sequence onto the crystal structure of *S. pombe* Cdc16 (PDB ID: [2XPI](pdb:2XPI){#ir0080}; 15% sequence identity) using Phyre[@bb0175] is consistent with the notion that Apc7 incorporates 14 contiguous TPR motifs with a C-terminal capping α-helix (Supplementary Fig. 1a).

The crystal structure of residues 1--174 (comprising TPR motifs 1--3 and helix A of TPR4) of human Apc7 described a head-to-head homo-dimer mediated through nonpolar residues of TPR1.[@bb0180] This structure differed significantly from the clasp-like dimerization mode of all other APC/C TPR subunits (Supplementary Fig. 3a). Moreover, the buried accessible surface area is 586 Å^2^, significantly smaller than the extensive \~ 6000 Å^2^ buried surface at the dimer interfaces of Cdc16, Cdc27 and Cdc23 involving TPR motifs 1--7[@bb0150; @bb0155] (this work). We propose that the dimer interface described for the Apc7 crystal structure does not represent the physiologically relevant mode of Apc7 dimerization. The clasp-like dimerization of Cdc16, Cdc23 and Cdc27 involves contacts between TPR1 and TPR motifs 2--7 of the opposite subunit. Residues of Apc7 (TPR1) that mediate the reported dimer interface are equivalent to residues of Cdc16, Cdc23 and Cdc27 TPR1 that mediate the clasp-like dimer interface (Supplementary Fig. 1a). Thus, because TPR motifs 4--7 are missing from the crystal structure of the Apc7 N-terminus, a clasp-like interface is precluded. However, the dimerization residues of TPR1 are exposed thereby promoting a nonphysiological dimer interface. Importantly, our model of the Apc7 homo-dimer corresponds closely to the density assigned to Apc7 at the top of the TPR lobe of the negative stain EM structure of human APC/C^Cdh1.Hsl1^ ternary complex. A model of Apc7 is readily docked into the Apc7-assigned density (with a correlation coefficient of 0.80) ([Figs. 4](#f0025){ref-type="fig"}b and [5](#f0030){ref-type="fig"}), density that is absent from the yeast APC/C structures that lack the Apc7 subunit.[@bb0075; @bb0085; @bb0185]

Assembly of the TPR homo-dimers forms a left-handed TPR suprahelix {#s0025}
------------------------------------------------------------------

The three conserved canonical TPR subunits (Cdc16/Apc6, Cdc23/Apc8 and Cdc27/Apc3), together with the metazoan-specific TPR subunit Apc7, are structurally related homo-dimers that self-associate through their N-terminal seven TPR motifs ([Fig. 3](#f0020){ref-type="fig"}). Docking of these proteins into the EM density map APC/C^Cdh1.Hsl1^ indicates that the four TPR subunits stack in a contiguous parallel array on one side of the APC/C ([Figs. 4](#f0025){ref-type="fig"}b and [5](#f0030){ref-type="fig"}). Interestingly, neighboring TPR dimers stack relative to each other through a related geometric arrangement. This uniform angular and spatial arrangement of TPR homo-dimers defines a left-handed suprahelical structure. Analysis of the inter-TPR dimer interface reveals the complementary fit of the grooves and ridges of TPR superhelices of neighboring TPR dimers, reminiscent of the packing of grooves and ridges of α-helices ([Fig. 5](#f0030){ref-type="fig"}). The 30-Å lateral displacement of neighboring TPR dimers results from the 60-Å pitch of the TPR superhelix.[@bb0190] Neighboring TPR dimers rotate and tilt by \~ 35º, in order to optimize interactions. Model building multiple contiguous TPR dimers shows that this uniform geometric stacking of TPR dimers creates a TPR suprahelix that would comprise 10 TPR dimers in one complete turn, with an overall helix diameter of 300 Å and a pitch of 165 Å ([Fig. 6](#f0035){ref-type="fig"}a).

The potential for TPR homo-dimers to form suprahelices explains a curious oligomeric structure of a Cdc16--Cdc23 complex, together with their accessory subunits Cdc26 and Apc13, observed using negative stain EM ([Fig. 6](#f0035){ref-type="fig"}b). A purified assembly of human Cdc16--Cdc23--Apc13--Cdc26 was visualized as large ring-like structures measuring between 240 and 340 Å in diameter. Two-dimensional classification indicated three ring sizes. Approximately 50% of the rings have an outer dimension of 240 Å with clearly defined 8-fold symmetry. Some 45% of the rings have an outer dimension of 280 Å and show 10-fold symmetry, and there is a small fraction (7%) of larger rings of diameter 340 Å with 12-fold symmetry ([Fig. 6](#f0035){ref-type="fig"}c). The ring has a thickness of 65 Å formed from clearly defined repeating protomers. The 280-Å-diameter ring incorporating 10 repeating promoters matches closely the dimensions of the TPR suprahelix modeled on the four TPR homo-dimers of the APC/C ([Fig. 6](#f0035){ref-type="fig"}a). The ring-like structures are consistent with a view projected coincident with the TPR suprahelix axis with the oligomeric assembly resulting from alternating repeats of Cdc16 and Cdc23. However, to explain the occurrence of 8-, 10- and 12-protomer rings, it is also possible that closed ring structures rather than helices are generated, dependent on variations in the relative orientation of neighboring TPR homo-dimers. Our findings that a complex of Cdc16 and Cdc23 generates a TPR suprahelix with similar geometric parameters to those that define the relative packing of adjacent TPR homo-dimers of the APC/C indicate that TPR homo-dimers have a tendency to assemble into suprahelices.

Concluding remarks {#s0030}
------------------

Our analysis shows that the four canonical TPR subunits of metazoan APC/C self-associate to form related V-shaped homo-dimeric structures. Each TPR subunit of the dimer comprises 14 contiguous TPR motifs, with the N-terminal seven motifs responsible for the homo-dimer interface. The geometry of the TPR helix is ideally suited in forming an inter-clasp-like arrangement. The four TPR homo-dimers stack in parallel on one side of the complex allowing the ridges and grooves of the TPR superhelices to inter-digitate. Because of the uniform geometric arrangement of the parallel stacking of adjacent TPR homo-dimers, a left-handed suprahelical structure is generated. TPR proteins represent the ninth largest protein family of the three kingdoms of life,[@bb0195] and their predominant function is to mediate a diverse array of protein--protein interactions and the assembly of multi-protein complexes.[@bb0200] Thus, our finding that TPR proteins have the potential to assemble into suprahelices has implications for understanding the assembly of a variety of TPR-mediated multimeric complexes.

Materials and Methods {#s0035}
=====================

Cloning, expression, purification and crystallization of Cdc23^Nterm^ {#s0040}
---------------------------------------------------------------------

To clone the putative N-terminal dimerization domain of Cdc23 (Cdc23^N19-302,Y302A^) (*S. pombe* Cut23; 565 residues), we amplified and modified cDNA by PCR from a cDNA library pTN-TH7 (a gift from T. Nakamura, National BioResource Project, Osaka City University, Japan). This choice of domain boundary was based on a screen of Cdc23 constructs. A larger construct (residues 1--308) resulted in poorly diffracting crystals, whereas a protein comprising residues 1--342 was unstable. Residues 1--18, predicted to be disordered and poorly conserved, were truncated, whereas selection of the C-terminus of Tyr302 was based on the C-terminus of TPR7. A double StrepII tag together with a TEV (*t*obacco *e*tch *v*irus) cleavage site were attached to the C-terminus of Cdc23^N19-302,Y302A^ (hence, termed Cdc23^Nterm^). The protein was expressed in either the insect cell baculovirus system or *Escherichia coli*. For insect cell expression, Cdc23^Nterm^ was cloned into a pFBDM − vector[@bb0205] to generate baculovirus that was then amplified to a suitable titer (\> 1 × 10^8^ plaque-forming units per milliliter). High5 cells were grown in Sf-900™ II SFM medium (Invitrogen) to a cell density of 2.0 × 10^6^ cells per milliliter and were infected at a multiplicity of infection of 2. High5 cells were harvested after 72 h and the cell pellets were frozen at − 80 °C. For *E. coli* expression, Cdc23^Nterm^ was cloned into pET28 and the protein was expressed at 25 °C for 16 h in *E. coli* B834 pRare2 cells. The same purification procedure was used for Cdc23^Nterm^ expressed from insect cells and *E. coli*. The protein was purified using a combination of Strep-Tactin (Qiagen), TEV cleavage, anion-exchange chromatography Mono Q (GE Healthcare) and Superdex 200 size-exclusion chromatography (GE Healthcare). SeMet-labeled Cdc23^Nterm^ was produced by using SeMet Medium Base Plus Nutrient Mix and SelenoMethionine Solution (Molecular Dimensions Ltd.) and purified as for native Cdc23^Nterm^. Crystals were grown by vapor diffusion in a buffer containing 200 mM sodium formate and 20% (w/v) polyethylene glycol 3350 and incubated in a cryoprotection buffer comprising 200 mM sodium formate, 22% (w/v) polyethylene glycol 3350 and 25% glycerol prior to freezing in liquid nitrogen.

Structure determination of Cdc23^Nterm^ {#s0045}
---------------------------------------

### Data analysis and detection of twinning {#s0050}

Native crystals, obtained from protein expressed in insect cells, diffracted to 2.0 Å resolution. The data could be indexed, processed and scaled nearly as well in *P*422 as in *P*4, hinting at possible hemihedral twinning. When twinned data exhibit near-422-point group symmetry, the presumptive true space group is the tetragonal one with rotational 4-fold symmetry since these space groups allow true merohedral twinning. Hence, the data were processed in *P*4 and further analyzed for twinning with *L* test and self-rotation function using PHENIX[@bb0210] and MOLREP,[@bb0215] respectively. These examinations clearly showed the presence of near-perfect twinning with the twin fractions related by the twin law *h*, − *k*, − *l* (Supplementary Fig. 4a and b). The *L* test and *H* test of PHENIX[@bb0210] gave an estimated twin fraction of 0.48 (Supplementary Fig. 4b). After soaking with heavy-atom compounds such as EMTS (*e*thyl*m*ercury *t*hio*s*alicylate), crystals showed significant shrinkage in the unit cell volume along with varied twin factions, ranging from 0.28 to 0.49. However, it is interesting to observe that one of the crystals soaked with EMTS did not show any twinning but failed to provide adequate phase information (Supplementary Fig. 4c and d).

Subsequently, the protein was expressed in *E. coli* and, as observed with the insect-cell-expressed protein crystals, both native and SeMet-labeled crystals had twin fractions ranging from 0.30 to 0.44 (Supplementary Fig. 4e and f). Diffraction data from all crystals showed systematic absences (00 *l* = 4*n*) indicating the presence of either a 4~1~ or a 4~3~ crystallographic symmetry axis. Therefore, subsequent analyses were carried out with the data processed using both of these symmetries.

### SeMet SAD phasing in *P*1 {#s0055}

Attempts to determine the structure of Cdc23^Nterm^ crystals by molecular replacement using the N-terminal domains of either Cdc27 or Cdc16 as search models failed, presumably due to their low sequence identities of \~ 10% with Cdc23. We therefore determined the Cdc23^Nterm^ crystal structure by means of SeMet SAD phasing. SeMet crystals diffracted to 3.0 Å and had twin fractions ranging from 0.28 to 0.46 (Supplementary Fig. 4e and f). Similar to EMTS-soaked crystals (data not shown), twinning suppressed the anomalous signal and the anomalous data failed to provide phase information.

Often when crystals are twinned, treating data with lower symmetry aids structure solution, although we found that reducing the symmetry from *P*422 to *P*4 failed to improve phases. Hence, we tried to further reduce the symmetry and solve the structure in *P*1. We collected 350° of data for a SeMet crystal at the Se edge and processed the data in *P*1. The estimated twin fraction for this crystal was 0.28 (Supplementary Fig. 4e and f). Compared to other datasets from all other crystals, these data had a better anomalous signal with a Δ*F*^ano^/σ(Δ*F*^ano^) value close to 1.02. Of 48 expected Se sites corresponding to 8 molecules in the asymmetric unit, 23 were detected with HySs[@bb0210] and refined with Phaser.[@bb0220] Subsequently, density modification was carried out with PARROT.[@bb0225] Contrary to expectations, PARROT did not find non-crystallographic symmetry for the heavy atoms. The figure of merit (FOM) after density modification was 0.21 and the maps produced were not interpretable. Similar results were obtained with the same date processed in *P*4~1~. However, with *P*4~1~ data, 6 out of 12 Se atoms were located and density modification produced maps with FOM of 0.28. The electron density map showed a few rod-like features with discontinuous density features (Supplementary Fig. 5a). Slightly better maps were obtained with the de-twinned *P*4~1~ data (Supplementary Fig. 5b). The handedness was resolved with de-twinned *P*4~1~ using density modification. However, the electron density was discontinuous and difficult to interpret. Remarkable improvement was achieved when the data processed in *P*1 were de-twinned by applying the twin law specific to *P*4~1~ (*h* − *k* − *l*). With the twin-treated *P*1 data, HySs[@bb0210] detected 38 out of 48 Se sites and FOM after density modification increased to 0.52 (Supplementary Fig. 5c). The map showed clear molecular boundaries with contiguous electron density and helical densities corresponding to the TPR motifs were well resolved. Using this map, we traced the backbone with Buccaneer[@bb0230] and manually built side chains with Coot.[@bb0235] The resulting coordinates of one of the Cdc23^Nterm^ molecules were used as a search model and the final structure was solved with molecular replacement using the un-twinned data obtained from EMTS-soaked crystal. Phaser[@bb0220] was employed in molecular replacement. The correct solution corresponds to the space group *P*4~3~2~1~2 with one molecule per asymmetric unit. The structure was further improved with manual model building using Coot[@bb0235] and refined with PHENIX.[@bb0210] Data collection and refinement statistics are given in Supplementary Table 1.

Modeling of Apc7 and C-terminus of Cdc23 {#s0060}
----------------------------------------

The N-terminus of Apc7 was modeled on Cdc23^Nterm^, and the C-terminal seven TPRs of Cdc23 and Apc7 were modeled on the equivalent TPR motifs of *S. pombe* Cut9 (Cdc16)[@bb0150] using Phyre.[@bb0175]

Human APC/C expression and purification {#s0065}
---------------------------------------

Recombinant human APC/C was expressed and purified as described previously,[@bb0165] except that Cdh1 and Hsl1 (residues 667--872) were co-expressed with APC/C to generate the ternary APC/C^Cdh1.Hsl1^ complex.

Human Apc6--Apc8--Apc13--Cdc26 expression and purification {#s0070}
----------------------------------------------------------

Recombinant human Apc6(Cdc16)--Apc8(Cdc23)--Apc13--Cdc26 were co-expressed in High5 cells. For affinity purification, Apc8 was fused to a C-terminal TEV-cleavable StrepII 2 × tag. The proteins form a stable complex that was purified using Strep-Tactin chromatography. The complex composition was verified by mass spectrometric analysis of SDS PAGE excised bands.

Electron microscopy {#s0075}
-------------------

The human APC/C^Cdh1.Hsl1^ complex at \~ 20 μg/ml was loaded on glow-discharged Quantifoil 2/2 EM grids coated with a second layer of thin carbon. After 30 s, the grids were negatively stained with 2% (w/v) uranyl acetate. Data were collected at room temperature in a FEI Tecnai TF20 electron microscope at an accelerating voltage of 200 kV under low-dose conditions with an exposure of \~ 30 e^−^/Å^− 2^, a nominal magnification of 80,000 × and an underfocus of \~ 1.2 μm generating a first minimum in the contrast transfer function at \~ 17 Å. Images were recorded using a Tietz F415 CCD camera and adjacent boxes of 2 pixels × 2 pixels were averaged, resulting in a calibrated sampling of 2.36 Å/pixel.

Particles were automatically selected using the EMAN[@bb0240] boxer software. A total of 12,757 particles were selected. The human APC/C^Cdh1.Hsl1^ structure was determined using the human apo APC/C reconstruction[@bb0165] as the initial reference for refinement. Multiple rounds of multi-reference alignment were performed using EMAN[@bb0240] software, and angular assignment was performed by projection matching in IMAGIC.[@bb0245] Atomic coordinates were docked into the human APC/C maps using Chimera.[@bb0250] Grids for the Cdc16--Cdc23--Cdc26--Apc13 complex were prepared and data were collected using a similar protocol. Two-dimensional class average was determined using Refine2D in EMAN.[@bb0240]

Accession numbers {#s0080}
-----------------

Coordinates and structure factors have been deposited in the PDB with accession numbers 3zn3 and r3zn3sf3zn3r3zn3sf, respectively.

Appendix A. Supplementary Data {#s0085}
==============================
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![Cdc23 self-associates through an N-terminal dimerization domain similar to Cdc16 and Cdc27. (a) Two orthogonal views of the N-terminal domain of the Cdc23^Nterm^ homo-dimer. The two subunits are shown in green and cyan. α-Helices of the TPR motifs are labeled 1A to 7B for the A and B helices of TPR motifs 1--7. (b) Stereoview show a superimposition of Cdc23^Nterm^, Cdc16^Nterm^ (PDB ID: [2XPI](pdb:2XPI){#ir0050})[@bb0150] and Cdc27^Nterm^ (PDB ID: [3KAE](pdb:3KAE){#ir0055})[@bb0155] N-terminal dimerization domains. Figure produced using PyMOL.](gr1){#f0010}

![Residues of the Cdc23 homo-dimer interface of Cdc23 are conserved with Cdc16 and Cdc27. (a) Multiple sequence alignment of the dimerization domains of Cdc23, Cdc16 and Cdc27. Invariant and conserved residues are colored red and yellow, respectively. Residues at the dimer interface are indicated with green (Cdc23), blue (Cdc16) and red (Cdc27) arrows. Positions conserved in all three proteins are assigned to a specific cluster (either 1 or 2) indicated in (b). Essential *S. cerevisiae* Cdc23 residues that define the N-terminal mutable domain of Cdc23[@bb0160] are indicated with purple arrows. The mutated residue is shown. Residues invariant in all four sequences are shown in red. Positions with either conserved polar or nonpolar residues are shown in yellow. Figure produced using ALSCRIPT.[@bb0255] (b) Stereoview showing details of the Cdc23 homo-dimer interface. Contact residues are localized to two discrete clusters, labeled "1" and "2".](gr2){#f0015}

![Four canonical TPR proteins form related "V"-shaped homo-dimers and assemble in parallel in a hierarchical fashion on one side of human APC/C. (a) Comparison of the four canonical TPR proteins. Cdc16 (PDB ID: [2XPI](pdb:2XPI){#ir0060}),[@bb0150] Cdc27 (N-terminal domain based on PDB ID: [3KAE](pdb:3KAE){#ir0065}),[@bb0155] Cdc23 and Apc7 (this study). Human, *S. cerevisiae* and *S. pombe* names are given.](gr3){#f0020}

![(a) Example of a negatively stained electron micrograph of recombinant human APC/C^Cdh1.Hsl1^ ternary complex. (b) Stereoview showing the TPR subunits docked into the negative stain EM structure of the human APC/C^Cdh1-Hsl1^ ternary complex represented in mesh. Resolution is 21 Å by the 0.5 FSC (*F*ourier *s*hell *c*orrelation) criterion. The molecular envelope is shown in mesh representation. In addition to the TPR homo-dimers, Cdh1 and Apc10 have been assigned to density and their associated densities are labeled. The remaining densities correspond to the large subunits Apc1, Apc2, Apc4 and Apc5.[@bb0015] Their locations have not been definitively identified.](gr4){#f0025}

![Four canonical TPR proteins stack in a suprahelical arrangement. Two stereoviews of the TPR subunits docked into their assigned density (represented in mesh) of the negative stain EM structure of the human APC/C^Cdh1-Hsl1^ ternary complex. The complementary packing of the ridges and grooves of TPR superhelices of adjacent TPR dimers at the inter-TPR interface is indicated. Human, *S. cerevisiae* and *S. pombe* TPR subunit names are given.](gr5){#f0030}

![TPR homo-dimers assemble into a TPR suprahelix. (a) Two views showing a model of the TPR suprahelix based on the four TPR homo-dimers of human APC/C generated by superimposing Cdc23 and Apc7 models of contiguous TPR complexes. The model shown includes 15 TPR homo-dimers. Homo-dimers are colored-ramped from blue to red indicating the start and end of the suprahelix, respectively, and numbered. Representative examples are labeled. (b) A negative stain micrograph of human Apc6/Cdc16--Apc8/Cdc23--Cdc26--Apc13 complex. These proteins assemble into ring-shaped structures with dimensions consistent with the modeled TPR suprahelix. (c) Representative two-dimensional class averages generated from 8000 selected particles. Three class types of varying ring diameter are observed with 8-, 10- and 12-fold symmetry. Classes (i) and (ii) from 2523 and 1788 particles, respectively, show 8-fold symmetry; classes (iii) and (iv) from 1733 and 2002 particles, respectively, show 10-fold symmetry; classes (v) and (vi) from 305 and 311 particles, respectively, show 12-fold symmetry. Repeating units (i.e., TPR homo-dimers) are numbered.](gr6){#f0035}
